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Abstract 
PyroSim software was used to establish the combustion behavior of polymers in the cone calorimeter test, the char yield, the effects of 
thermal conductivity and the specific heat capacity of the char layer on the combustion process of polymer were analyzed. The results 
show that, the heat release rate curves show a single peak while the char yield is 0%. The heat release rate curves have three peaks when 
the char yield is larger than 0%. The charring of polymer significantly influences the shape of heat release rate curves. The heat release 
rate decreased with the increasing of char yield of polymer. Moreover, the heat release rate of charred polymer improved with the thermal 
conductivity of char layer. Moreover, the specific heat capacity of char layer plays no role in the heat release rate of polymer and the 
combustion behavior of polymer. 
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1.Introduction 
Polymer is widely used in many fields but their inherent flammability limits its application. In recently years, 
intumescent flame retardants (IFR) have attracted a great attention in the flame retardation of polymer. The main flame 
retardant mechanism of intumescent flame retardant polymer is the developing a char layer on the surface protecting the 
underlying material from heat flux during burning. Previous studies have been developed to study the effects of char layer 
and put award to the model of char layer during burning. In the 1970s, Krevelen et al. proposed that the char layer of 
polymer formed during combustion process can significantly improve the flame retardancy of polymer [1]. Granzow et al. 
found that the char layer after the polymer degradation is amorphous carbon formed in the process of graphitization [2, 3]. 
Pang et al. studied the three factors of char formation on efficiency of the properties of flame retardant polymers [4]. Zhang 
Feng et al. studied the cone calorimeter method for determining the thermal conductivity of polymer materials [5]. However, 
few attempts have been made to analyze the effects of char layer including thermal conductivity and specific heat capacity 
on the combustion behavior by using fire dynamics simulator software. 
The heat release rate (HRR) has been recognized to be the most important parameter to characterize the flammability of 
materials in fires, which can be divided into three types: (a) front single peak type, (b) M double peak type and (c) post 
single peak type, as shown in Fig 1. Most front single peak type polymer is carbon type, and carbon layer is formed in the 
combustion process. Char layer can shield thermal transmission, reduce the paralysis rate, resulting in the heat release 
reduction after its peak. If char layer is solid and close-grained, it may have good shielding effects, and no more peaks. The 
polymer of M double peak type is also char material, which has bad char layer and poor shielding effect. When the heat 
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accumulated to a certain amount, it would penetrate through the carbon layer, initiated the second pyrolysis peak. The post 
single peak type reflected the HRR of carbon-free material [6]. 
(a) (b) (c)  
Fig. 1. three typical models of polymer materials’ heat release rate (a) front single peak type(b) M double peak type(c) post single peak type 
At present, experiments are often used to study the effects of charring on the polymer combustion, which can accurately 
display the rules. But it requires a lot of manpower and material resources. In recently years, with the rapid development of 
computer technology, numerical simulation has been more and more accepted because of its small cost, good repeatability 
and high accuracy. PyroSim [7] (Engineering PyroSim Thunderhead) is a kind of simulation software developed by the 
National Institute of standards and Technology (NIST) to research on fire dynamics. It is developed on the basis of FDS. It 
provides a graphical user interface(GUI) for fire dynamic simulation. It is widely used to create a fire simulation and 
accurately predict the flow of smoke, the distribution of temperature and toxic gas in the fire. 
 PyroSim was used to simulate the combustion process of the polymer in the cone calorimeter test, and the effects of 
charring on the polymer combustion was analysized in this paper. 
2. Numerical simulation of the charring polymer combustion process  
2.1. Polymer combustion model 
The polymer combustion model was built by PyroSim, as shown in Fig 2. The calculation area was squares of 0.3* 
0.3m2, 0.4m thick. In order to ensure the accuracy of the simulation, the size of the grid was 0.01m*0.01m*0.01m. There 
was a block of polymer, 0.1m*0.1m*0.05m, in the center of the calculation area. The cone calorimeter model was built 
through copying, rotating, tailoring and shifting the cuboid. The distance from the bottom of the cone calorimeter model to 
the top surface of the polymer was 0.03m. Its external surface was adiabatic, and internal surface was radiating with the 
radiation rate for 1. The initial temperature of internal surface was 770ć. There were thermocouples at a height of 0.05m, 
0.1m, 0.2m, 0.3m, 0.4m along the center axis. 
 
Fig. 2. Polymer combustion model 
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2.2. Polymer combustion simulation 
Three groups of simulated conditions were set up to investigate the effects of char yield, thermal conductivity and the 
specific heat capacity of the char layer on the polymer combustion process by comparing the heat release rate of the 
polymer. The radiated heat flux of the first group of working conditions was 50kw/m2, the char yield was 0%, 10%, 25%, 
50%. The char yield of the second group of working conditions was 25%. The thermal conductivity was 0.05W/m·K, 
0.08W/m·K, 0.20W/m·K, 0.40W/m·K. The char yield of the third group of working conditions was 25%. The specific heat 
capacity of the char layer was 0.5 J/(kg·K), 0.8 J/(kg·K), 1.4 J/(kg·K), 1.7 J/(kg·K).  
3. Simulation results and analysis 
3.1. Cone calorimeter model validation 
In the experiments, when the radiated heat flux of the cone calorimeter test was 15kW/m2, 25kW/m2, 35kW/m2, 
50kW/m2, the surface temperature of the radiation cone was respectively 465ć, 564ć, 643ć, 739ć. In the simulation, 
when the radiated heat flux of the cone calorimeter model was 24.6kW/m2, 35kW/m2, 38kW/m2, 50kW/m2, 51.9kW/m2, 
55.9kW/m2, the surface temperature of the radiation cone was respectively 600ć, 680ć, 700ć, 770ć, 780ć, 800ć. The 
radiated heat flux of the cone calorimeter was shown in Table 1. and Fig 3. The graph in Fig 3. showed an approximately 
same trend between the experimental and simulated curve. Moreover, it can be seen that the errors between experimental 
values and simulation values were controlled within 5% from Table 1. It proves that this model can more analogously 
simulate the polymer combustion process.  
Table1. Comparison between experimental and simulation values 
Experimental values Simulation values 
Radiated heat flux (kW/m2) Temperature (ć) Radiated heat flux (kW/m2) Temperature (ć) 
15 465 24.6 600 
25 564 35 680 
35 643 38 700 
50 739 50 770 
  51.9 780 
  55.9 800 
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Fig. 3. Comparison between experimental and simulation curves  
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3.2. The effects of char yield on the polymer combustion process  
The first group of simulation working conditions have worked out heat release rate curves changing against time with 
four different char yield, as shown in Fig 4. The relevant information of peak HRR was shown in Table 2. It can be seen 
from Fig 4. that when the polymer char yield was 0%, the heat release rate increased rapidly at 14th second. Then it slowly 
rose and reached the maximum 541kW/m2 at 100th second. Then the polymer continually burned at the maximum heat 
release rate. However, it began to decline rapidly at 180th second, and burned out at 196th second. 
When the char yield of the polymer was 10%, the heat release rate reached the maximum 385kW/m2 at 34th second, and 
then decreased due to the charring. It was possible that the heat release rate increased and then reached the second peak 367 
kW/m2 at 69th second after the heat penetrated through the char layer. It reached the third peak 328kW/m2 at 135th second. 
At the end, the heat release rate curve continued to decline due to the fuel consumption, till the fuel burned out. 
When the char yield of the polymer was 25%, the heat release rate reached the maximum 267kW/m2 at 36th second, and 
then decreased because of the charring. Then it was possible that the heat release rate increased and reached the second peak 
254kW/m2 at 71th second after the heat penetrated through the char layer. It slowly reached the third peak 223kW/m2 at 
136th second. At the end, the heat release rate curve declined due to the fuel consumption, till the fuel burned out. 
When the char yield of the polymer was 50%, the first peak HRR arrived at 38th second, and at this time, the heat release 
rate was 103kW/m2. The second peak HRR arrived at 83th second, and at this time, the heat release rate was 100kW/m2. 
The third peak HRR arrived at 145th second, and at this time, the heat release rate was 90kW/m2. 
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Fig. 4. Effects of different char yield values on simulated HRR curves  
Table2. Effects of different char yield values on simulated peak HRR 
Char yield 
Times of 
peek 
Peak1 Peak2 Peak3 
Time to 
peak 
˄s˅ 
peak HRR 
˄kW/m2˅ 
Time to 
peak 
˄s˅ 
peak HRR 
˄kW/m2˅ 
Time to 
peak 
˄s˅ 
peak HRR 
˄kW/m2˅ 
0% 1 100 541     
10% 3 34 385 69 367 135 328 
25% 3 36 267 71 254 136 223 
50% 3 38 103 83 100 145 90 
 
When the char yield was 0%, there was only one peak HRR, and the rate of decrease after the peak was greater than the 
rate of increase before the peak, which was in reasonably good agreement with the post single peak type. As peak HRR was 
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concerned, the values in simulation rose faster, which may be that the simulations were in ideal condition, and the heat 
dissipation was less. So it was called "approximate post single peak type". When the char yield was larger than 0%, there 
were 3 peaks, which was similar to the M double peak type. So it was called "triple peak type". It can be seen that the results 
of the model are similar to the experimental results. When the char yield changed from 0% to others, the peak type changed 
from "approximate post single peak type" into " triple peak type ". Moreover, the peak HRR decreased and the burning time 
increased significantly. It is obvious that charring has a great influence on the polymer flame retardant process. 
In summary, we can see that when the char yield is larger, the peak heat release rate is smaller, and the peak shape are 
“triple peak type” and the time of each working condition to reach the same peak value have few differences. The char yield 
mainly affects the peak HRR. 
3.3. The effects of thermal conductivity on the polymer combustion process  
The second set of simulation cases have obtained heat release rate curves, which were varying over time with four 
different char layer thermal conductivity when the char yield was 25%, as shown in Fig 4. The thermal conductivity was 
represented by K in the graph, and the relevant information of peak heat release rate were shown in Table 3. From Fig 5 it 
can be seen that when the thermal conductivity was 0.40W/m·K, the heat release rate of the polymer rose rapidly at 20th 
second, and reached the first peak 320kW/m2 at 60th second.  Since then it dropped to 260kW/m2, it rose again, and reached 
another peak 350kW/m2 at 120th second. Soon afterwards it decreased to 290kW/m2, and showed a small rise to 310kW/m2. 
Then the heat release rate decreased rapidly till the material completely burned out. 
When the thermal conductivity was 0.2W/m·K, the heat release rate of the polymer reached the first peak 287kW/m2 at 
68th second. Then it began to decrease to 236kW/m2. Soon afterward it increased to 290kW/m2, and reached the second 
peak 290kW/m2 at 131th second. Similar to the above law, it reached the third peak 214kW/m2 at 179th second. Finally, the 
heat release rate curve decreased continuously because of the fuel consumption, till the fuel burned out.  
When the thermal conductivity was 0.08W/m·K, the heat release rate of the polymer reached the first peak 264kW/m2 at 
35th second. Then it reached the second peak 234kW/m2 at 74th second. Similar to the above law, it reached the third peak 
196kW/m2 at 141th second. Finally, the heat release rate curve decreased continuously with the fuel consumption, till the 
fuel burned out.  
When the thermal conductivity was 0.05W/m·K, the first peak arrived at 34th second, meanwhile the value was 238 
kW/m2. The second peak arrived at 83th second, meanwhile the value was 191kW/m2. The third peak arrived at 165th 
second, meanwhile the value was143kW/m2. 
When the thermal conductivity was different, the heat release rate was basically the same in the former 30s, but then it 
gradually differed. With the thermal conductivity increasing from 0.05W/m·K to 0.40W/m·K, the maximum peak value of 
the heat release rate were 238kW/m2, 264kW/m2, 290kW/m2, 350kW/m2. It can be seen that when the char yield was 25%, 
the heat release rate increased but the burning time reduced with the thermal conductivity increasing. 
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Fig. 5. Effects of different thermal conductivity on simulated HRR curves  
Table3. Effects of different thermal conductivity on simulated peak HRR 
Thermal 
conductivity
˄W/m·K˅ 
Peak1 Peak2 Peak3 
Time to peak
˄s˅ 
peak HRR
˄kW/m2˅ 
Time to peak
˄s˅ 
peak HRR
˄kW/m2˅ 
Time to peak
˄s˅ 
peak HRR
˄kW/m2˅ 
0.05 34 238 83 191 165 143 
0.08 35 264 74 234 141 196 
0.20 68 287 131 290 179 214 
0.40 60 320 120 350 167 310 
3.4. Effects of the specific heat capacity of the char layer on the polymer combustion 
The third group of simulation cases have got heat release rate curves varying over time with four different specific heat 
capacity of the char layer, as shown in Fig 6. It can be seen from the Fig 6. that the trend of the specific heat capacity of heat 
release rate curves were the same and the value in the former 400s were basically the same. However, there were a few 
differences in the post 400s. When the Cp value was 1.7J/(kg·K), the heat release rate curve decreased slowly. When the Cp 
value was 0.5J/(kg·K) and 0.8 J/(kg·K), the heat release rate curve decreased more slowly than the former. When the Cp 
value was 1.4J/(kg·K), the heat release rate curve was among the above three curves. But there were few differences 
between the four curves during this time, so it can be analyzed that the specific heat capacity of the char layer has few 
effects on the polymer combustion process. 
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Fig. 6. Effects of different specific heat capacity of char layer on simulated HRR curves  
4. Conclusions 
The effects of charring on the polymer combustion process was simulated by changing the char yield, the thermal 
conductivity and the specific heat capacity of char layer. The results showed that these varied parameter values can affect 
the HRR to some extent. According to the numerical simulation results, when the char yield was 0%, the heat release rate 
curves were "approximate post single peak type", which was similar to the experimental model of "post single peak type ". 
When the char yield was larger than 0%, the heat release rate curves had three peaks, which were similar to the experimental 
model of " M double peak type ". It shows that the model established in this paper is more scientific. The peak HRR can be 
significantly decreased by charring, meanwhile the burning time greatly increased. The char yield mainly influenced the 
peak of the heat release rate. The larger the char yield, the smaller the peak of the heat release rate. When the char yield 
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remained constant, the burning time decreased but the heat release rate increased with the thermal conductivity increasing. 
When the char yield remained constant, the specific heat capacity of the char layer had few effects on the polymer 
combustion process. 
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